• Genetic loci identified that predict spatial memory performance • The effect of stress on spatial memory performance was unique to genetic strain.
Introduction
Stress has a complex relationship with learning and cognitive performance, and stress can create both positive and negative effects depending on duration, stressor, and environment. While many studies have focused on acute stress, a period of chronic stress derived from varying psychological and/or physiological stressors in an unpredictable pattern can also impact cognitive performance [12, 21, 42] . Furthermore, the response to chronic stress in both humans and rodents demonstrates tremendous variability in performance. Studies vary as to the effects of chronic unpredictable stress on spatial learning and memory as characterized by the Morris water maze; some studies have demonstrated increased latency to platform times [21, 42] , while others have shown decreased times due to a change in search strategies [12] . Additionally, chronic variable stress modulates hippocampal longterm potentiation, a mechanism that is associated with performance on water maze performance in rodents [6, 8, 25, 35] .
Response greatly varies across individuals as well, indicating a strong genetic component. Gene-environment interactions have been identified for the presence of stress and the development of PostTraumatic Stress Disorder [10, 18] and fear learning [3] . However, the interactions of genes and chronic stress on spatial learning and memory have yet to be elucidated. To study the unique interactions between Physiology & Behavior 150 (2015) [69] [70] [71] [72] [73] [74] [75] [76] [77] gene and environment on cognitive performance, we have used the behavioral genetics model of BXD recombinant inbred mice, derived from C57BL/6J and DBA/2J parent strains [25, 30, 39] . In this model, individual differences in behavioral phenotype are correlated to variations in stretches of DNA through quantitative trait loci (QTL) analysis [7, 9, 25, 39] . These chromosomal regions of DNA are then further analyzed to identify genes contributing to the phenotypic trait analyzed.
In this study, we assess spatial learning and memory in 62 BXD strains and C57BL/6J and DBA/2J parental strains via Morris water maze (MWM) performance. QTL mapping identified unique genetic loci and candidate genes associated with spatial learning performance in control and chronic stress conditions. Our results indicate that a chronic stress environment alters the genetic predictors of spatial learning, revealing an environment-gene interaction.
Materials and methods

Subjects
A total of 610 mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Parent strains C57BL/6J and DBA/2J (n = 9-10 mice each) and 62 BXD strains (n = 6-10 of each strain) were subjected to 4 weeks of behavioral testing starting at age 9 weeks. Mice were singly-housed, provided standard chow and water ad libitum, and kept on a 12 h light/dark cycle. Room temperature and humidity were maintained between 18-24°C and 30-70%, respectively, with average temperature and humidity remaining at 21°C and 35%. 
Experimental design
Ten cohorts of 50-66 animals were utilized. Strains utilized within each cohort were assigned randomly. Two littermates per strain were tested in a cohort: one was designated behavioral control (BC), and the other placed through a chronic variable stress (CVS) paradigm. Control animals (n = 305) underwent behavioral testing for three weeks, while CVS animals (n = 305) were placed through the CVS paradigm for one week prior to starting the three week behavioral testing period (elevated plus maze, MWM, and fear conditioning) (Fig. 1) .
Analysis of emotional behavior during elevated plus maze and fear conditioning is reported in Carhuatanta, [3] . Animals completed an elevated plus maze test the day prior to starting the MWM test. The CVS stressors continued throughout behavioral testing. Cages were changed and body weights measured on a weekly basis. The entirety of testing was conducted over the course of 13 months.
Chronic variable stress
Animals in the Stress population underwent CVS treatment for four consecutive weeks, starting one week prior to the three week behavioral testing period. Five stressors were presented in random order with one stressor presented in the morning (0700-1100) and one in the afternoon (1300-1700), with the exception of novel overnight housing, which occurred overnight. The stressors were as follows: novel overnight housing, in which the mouse was singly housed in a novel rat cage with ad libitum access to food and water; hypoxia, in which for 30 min the mice were placed in a low oxygen environment (8-12% oxygen); open field, in which the mice were singly housed in an open cage (10.5″ × 19″ × 8″) in a well-lit area for 30 min; cold room, in which the mice were placed at 4°C for 15 min in a cage devoid of bedding, singly housed; and constant motion, in which the mice were placed on an orbital shaker at 100 rpm for 1 h. Each stressor was repeated five times throughout the experiment with the exception of novel overnight housing, which was repeated three times. The combination and sequence of stressors changed each week to prevent predictability and limit habituation.
Morris water maze
The MWM tests the spatial navigation and memory of the mouse, as measured through the latency to find the hidden platform [2, 6, 26, 35] . MWM training was conducted using a 90 cm diameter round basin filled to a water depth of 42 cm. Water was mixed with small quantities of nontoxic white tempera paint until opaque. Temperature was maintained at 19.5-24°C, with an average temperature of 21°C. A clear platform (6 cm diameter) was located approximately 0.5 cm below the water in the southwest quadrant. Five training days were completed, each with four 60 s trials with a randomized starting position (North, South, East, or West). On the first training day, if the animal did not reach the platform within 40 s a visible cue was placed on the platform. Five days of training was followed by a 30 s probe trial (24 h post last training session), in which the platform was removed. Immediately following probe trials, mice began a 2 day reversal period, in which the platform was moved from the southwest quadrant to the northeast quadrant (4 trials/day). Mouse swim path, position, speed, and latency to platform were recorded using EthoVision XT 7.0.418 cameras and software (Noldus Information Technology, Wageningen, The Netherlands). Here we assess latency to platform averaged across all trials, training trials, and reversal trials as a measure of learning and memory. Additionally, number of entries into the platform region of the maze during probe was assessed as an index of memory.
Statistical analysis
Performance was assessed as average latency to platform for all trials, training trials, and reversal trials as well as the number of entries into the platform area during probe. Stress-effect was calculated as the difference in performance between control and CVS littermates (CVS minus control). Mixed model analysis was then performed using lme4 and lme Test packages in R (fixed variables: stress, strain, and month of testing; random variable: cohort). A non-linear mixed effect test was performed followed by ANOVA to determine fixed variable main effects. Pearson product-moment correlations (R) and Spearman rank order correlations (rho) across latency to platform time intervals were computed using GeneNetwork for the Control population, Stress population, and Stress-Effect.
Heritability of latency to platform average time for control and CVS populations was calculated for both broad-and narrow-sense variability following the Hegmann and Possidente method [14] . Narrow-sense heritability is defined as h 2 = ½V A / (½V A + V W ), where V A = variance among strains and V w = variance within strains. Variance within strains represents the environmental component of the variance, while variance among strains represents the genetic factors [29] . Broad-sense heritability, H 2 , was defined as V A / V T , where V T = total population variance. The GeneNetwork suite of web tools (www.genenetwork.org) was used for QTL mapping. GeneNetwork links differences in phenotype to genomic regions using 89 BXD recombinant inbred strains that have been assessed using 3806 genomic markers to identify suggestive and significant QTLs with likelihood ratio statistics with genome-wide probabilities of 0.67 and 0.05, respectively (GeneNetwork.org, [41] ). QTLs identified in this study are described by their greatest LRS value, significance threshold passed, and confidence interval (determined via the 1LOD drop method [17] ).
Candidate genes were identified as genes within the confidence interval of each QTL that have a human homologue and/or have cisexpression. Cis-expression in various brain tissues (amygdala, brain, cerebellum, hippocampus, hypothalamus, midbrain, neocortex, nucleus accumbens, and prefrontal cortex) was determined using the QTLminer tool of GeneNetwork. Genes were further assessed via literary search using PubMed for established relationships to stress, learning, memory, and anxiety.
Results
MWM performance in BXD mice
An average of the latency to platform of all trials, training trials and reversal trials was assessed for all 62 BXD strains and parental strains (Fig. 2) . Great variability was seen across strains in each time period, resulting in 2.4 fold (all trials -Control) to 3.9 fold (reversal trialsStress) differences.
Averages of all mice in Control and Stress populations during each trial are depicted in Fig. 3a . Both populations displayed a reduction in latency to platform signifying learning. On average, mice subjected to CVS stress displayed shorter LTP times throughout the task, however, the effect of stress varied greatly across strains.
Number of entries into the platform area during the probe trial (on Day 6 prior to reversal trials) is shown in Fig. 3b . Average frequency of entry per strain spanned from 0 to 2.25 entries for Control, and 0 to 3.4 for Stress. Of note, 58% and 47% of mice failed to enter platform region during the probe in Control and Stress populations, respectively. Moreover, the Stress-effect on probe performance (Stress-Control, within littermate) resulted in no difference in 65% of littermate pairs.
The latency to platform averages was tested for correlation in both the control environment (Table 1 ) and stress (Table 2) environment. Latency to platform was strongly correlated across all time periods in both control and stress conditions. The difference in latency to platform (Stress-Control: Stress Effect) across all trials and during training trials were significantly correlated, while a trend was seen relating all the trials and reversal trails in both control and stress conditions.
Heritability of MWM performance
Broad-sense heritability and narrow-sense heritability were calculated to determine the proportion of variance across strains attributable to genetic variance (Table 3) . A strong genetic influence on a trait is determined by h 2 ≥ 0.25. Strong heritability was seen in the average of the overall and training periods of both Control and Stress populations. Of note, the stress effect of each performance trait was found to have weak heritability (h 2 = 0.09-0.12). Traits that did not meet the requirement for strong heritability (h 2 ≥ 0.25) were not assessed further. 
Main effects of Stress, Strain, and Month of testing on latency to platform in the MWM
A non-linear mixed-effect test followed by ANOVA was run to determine the effects of Strain, Stress, and Month of testing for each trait measured ( Table 4) . Effects of stress and strain were seen for latency to platform across all trials and during training, supporting the use of QTL mapping using this population and indicating that the unique genetic background of each strain contributed to the averages in each time period. Lastly, no effect for Month of testing was seen in averages of latency to platform of all trials and training trials, indicating that time of year (month) did not contribute significantly to variance observed across cohorts.
QTL mapping of MWM latency to platform
Significant QTLs were found for average latency to platform in all trials and training trials for the Stress population (Fig. 4) . QTLs with suggestive LRS scores were found for average latency to platform across all trials and during training in both the Control and Stress populations (Fig. 4) . A heatmap depicting the genetic mapping (Fig. 5 ) reveals the overlap of peaks identified to allow comparison across phenotypic traits and the presence of stress. QTLs unique to the Control population were located on Chromosomes 3, 7, and 10 for all trials and Chromosome 19 for all trials and during training. Peaks only found in the Stress population were identified on Chromosomes 1, 2, and 18 for all trials and training trials, and on Chromosome 8 for Training trials. Of interest, two peaks were found in both populations for average latency to platform across all trials and during training (on Chromosomes 5 and 10). Table 5 provides a summary of each of these peaks.
Candidate gene analysis
Genes within each QTL's confidence interval (determined by 1LOD drop method) were assessed for human homologues and cisregulation to achieve a list of candidate genes Tables 6 and 7).
Discussion
We have assessed the spatial learning performance of 62 BXD strains and C57Bl/6J and DBA 2A parental strains in the presence and absence of a chronic stress environment. The purpose of this study was to determine whether the predictive relationship between genetic background and spatial memory performance would be unique to environmental context with exposure to chronic stress. Our results show that unique genetic maps were found in our Control and Stress populations. Of interest, novel QTLs associated with spatial learning in the chronic stress environment were identified (see Table 7 ).
Stress treatment elicited significant varied effects on latency to platform during the MWM (all trials and training trials). These effects can be seen in the varied average latencies to platform across each strain (Fig.  1) , our mixed-model analysis findings identifying main effects due to chronic stress (Table 2) , and, lastly, in the genetic loci identified associates with mouse spatial memory performance unique to Control and Stress populations (Figs. 3 and 4) . Although latency to platform was the primary measure of spatial learning in this study it is possible that further investigations on other MWM measures, such as swim path, could provide addition information. Several of the QTLs reported here, especially those found in the Stress population, have not been found previously. Of note, no QTLs achieved significant LRS scores in the Control population; however, some did correspond with significant QTLs in the Stress population. Here we discuss QTLs that reached a significant LRS level.
QTLs and candidate genes for spatial learning within a chronic stress environment
Significant peaks unique for chronic stress on spatial learning performance were found on Chromosomes 1, 2, and 18 (Fig. 3) . QTL 18 is a novel QTL for spatial performance that was unique to the Stress population for average latency to platform during all and training trials. This genetic region contains Cdh2 and Dsc1, each contributing to cadherin's role synapse formation and maintaining neuronal circuits ( [32, 43] ). Additionally, the cis-regulated candidate gene, Ttr (transthyretin) is found within this region. This gene is of particular interest for our studies, because the Ttr protein has been associated with both protective and degenerative effects on brain function. In response to physiological insult, including aging and chronic stress, Ttr is expressed and circulates in the cerebrospinal fluid to act as a scavenger of Aβ peptide [20, 23] . Nonetheless, mutant forms of Ttr are associated with Alzheimer's disease. Lastly, knockout of Ttr results in decreased spatial learning in the MWM that is not subject to further decrement with aging [34] . The relationship of Ttr with performance and its change in expression due to stress suggest a strong linkage of this gene as a contributor to our data set. QTL 1 was significant for latency to platform in both all and training trials. This region has been previously identified for swimming speed and latency to platform over various trials [15, 25] . Correlation of our averages across all and training trials to Milhaud's resulted in a significant correlation (Spearman's rho = 0.82, P b 0.001) [25] ; GeneNetwork). Of interest, this QTL resides within what has been described as the emotionality locus of Chromosome 1 [38] . Several candidate genes within this locus have established relationships with stress and anxiety (Fcer1g, Ppox, Cadm3, Atp1a2). Fcer1g encodes for a high affinity IgG receptor. Expression of Fcer1g and Ppox is modulated by chronic mild stress [20] and footshock stress, respectively [4, 5] . Knockout of the cell adhesion molecule, Cadm3 results in an increase in anxiety and aggression [37] . Genetic manipulation of Atp1a2, a P-type ATPase, results in increased fear, anxiety, and impaired learning [13] . A downregulation of Atp1a2 in heterozygous animals impairs spatial learning and locomotor activity, while increasing anxiety [27] . Mutations of this gene found in humans result in migraines and impaired nonverbal learning [31] . Taken together, these results suggest that Fcer1g, Ppox and Cadm3 may be markers for the presence of stress, while Atp1a2 may mark spatial learning performance within a stressful context.
A novel QTL found on chromosome 2 was identified in the Stress population. A region nearby (130.8 Mb) to our locus (131.6-139.2 Mb) has been identified previously for latency to platform [25] and location recognition crossovers in platform location during probe [40] . Our peak may overlap with these previous findings as fewer strains were used in Wehner [40] , which can affect resolution of QTL mapping. Within QTL 2, genes for phospholipase C β (Plcb1 and Plcb4) reside. Both Plcb1 and Plcb4 are associated with anxiety [22, 33, 16] . Plcb1 is downregulated following chronic mild stress and repeated stress ( [28, 44] , single and repeated stress-induced modulation of phospholipase C catalytic activity and expression: role in LH behavior). Knockout of Plcb1 is used as a model for schizophrenia and shows deficits in location recognition and memory, while object recognition remains intact, indicating a deficit in hippocampal dependent learning [16, 22, 24] . Our experiments confirm a relationship of phospholipase C β with hippocampal-dependent cognitive performance and stress. QTLs appearing for spatial learning performance in both Control and Stress populations were found on Chromosomes 5 and 10 (Fig. 3) . The QTL on Chromosome 5 achieved significant LRS scores in the chronic stress population while only the suggestive level in the Control population. Interestingly, genes associated with neuronal plasticity were identified (Pgm1, Uchl1, and Atp8a1) [11, 19, 36] , supporting our hypothesis that genes within this region would be responsible for spatial learning regardless of the environmental context. Of interest, Uchl1 expression rescues contextual memory in β amyloid models of Alzheimer disease [11] . Additionally, a deficiency of Atp8a1 results in alterations of activity and decreased performance on the MWM [19] . These results indicate that the locus of QTL 5 contains genes important for hippocampal dependent learning in either control or chronic stress environments.
Conclusions
In summary, our results identified genetic loci for spatial learning in control and chronic stress environments. Several of these loci are novel for spatial learning performance and should be studied in future experiments. Nonetheless, within these loci are candidate genes that likely contribute to spatial learning performance in their respective environmental contexts. Our results indicate that performance on spatial learning tasks is influenced by both genetic background and chronic stress history.
